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EXECUTIVE SUMMARY

This effort evaluated and verified experimental procedures for the
characterization of the reactions and molecular products formed when halons
enter flames. It also included the performance of initial studies using
those procedures. Three techniques were studied to compare their usefulness
for determining the concentrations of chemical species in flames: laser
Raman spectroscopy, matrix isolation Fourier-transform infrared
spectroscopy, and photoionization mass spectrometry. Laser Raman
spectroscopy of hydrogen/oxygen flames extinguished with Halon 1301 provided
identification of the principal flame species; however, this method was not
effective in detecting minor species present in low concentrations. The
Raman spectrum of the hydrogen molecule was used to calculate flame
temperatures. The purpose of the matrix isolation experiments was to
characterize the fragmentation patterns of Halons 1211, 2402, and 1301. The
expected fragments and some stable molecules were observed. Of the three
techniques, photoionization mass spectrometry was found to be the most
promising method for characterizing reactions occurring in flames. It was
found that Halon 1211 does react with the free radical H, but the cross
section of the overall process is small. No evidence was found for
reactions between O atoms and either Halon 1211 or 1301. A database of fire
suppression literature was developed and incorporated into the NMERI

HALOCARBON DATABASE, and an experimental plan for Phase III was developea.
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SECTION I
INTRODUCTION

A. OBJECTIVE

,/-- The objective of this effort is to evaluate an experimental approach
and initiate work to determine the initial chemical reactions occurring when
halon firefighting agents extinguish flames.

STy

B. BACKGROUND

Halon firefighting agents have been used for many years. Because of
their combination cf effectiveness, cleanliness, safety, and relatively low
cost, there has been little incen’ive to develop new chemicals. Recently,
however, calculations and limited experimental data indicate that halons,
like chlorofluorocarbons, deplete stratospheric ozone and contribute to
global warming. The United States Air Force has been investigating
alternative agents to replace halon suppressants (References 1-5).
Knowledge of the initial reactions occurring when halons and other
halocarbons extinguish flames is needed as a basis for the continuation of
this halon replacement research. Halon fire suppression agents extinguisa
fires by terminating free-radical chain reactions. Though the final
chemical reactions are relatively well understood, the reactions that first
occur when halocarbon extinguishants enter flame fronts are almost entirely
unknown. It is these initial reactions, however, that largely determine
halon performance variations, effects of halon physical state on
suppression, and effects of fire parameters on halon action. Investigations
are needed to characterize the initial reactions leading to flame

suppression when halon and halon-like extinguishants enter flames.

The first work on initial reactions of halons was performed in Phase II
of the project "Next-Generation Fire Extinguishing Agent"” (Reference 2). At

that point it became apparent that the effort was sufficiently promising

to warrant an independent project. Accordingly, a separate effort was




initiated. Work in Phase I, under Contract F29601-84-C-0080, Subtask 3.36,
established an experimental protocol to determine the initial chemical
reactions occurring when halon fire extinguishing agents are introduced into
flames (Reference 6). In Phase I, an approach was developed, an
experimental plan was prepared, and the instrumentation and facility
necessary to continue with Phase II of the project were established. The
work is continued here in Phase II, under a separate contract (F29601-87-C-

0001).

C. SCOPE

The scope of this task involves a verification of experimental
procedures developed for the identification and characterization of the
reactions and molecular products formed when halons enter flames. The
effort also includes the performance of initial studies using those
procedures. The application of the results of this project to the
development of materials to replace halon agents will be demonstrated, and
experimentation for continuation of studies of initial reactions will be

planned and justified.

D. TECHNICAL APPROACH

The following tasks were performed for Phase II of this project:

1. Verification of Experimental Approach

Sufficient experimental studies were performed to evaluate the
ability of the approaches developed in Phase I, under Contract F29601-84-C-
0080, Subtask 3.36, to characterize the initial reactions occurring when
halon agents enter flames. These approaches are laser Raman spectroscopy,
matrix isolation Fourier-transform infrared spectroscopy, and
photoionization mass spectrometry. The studies included identification of
selected molecular species in flames of hydrogen plus oxygen into which were

introduced halons. The concentrations of selected species were also




determined for this extinguishing system. These studies also included

characterization of reactions of free radicals with halons.

2. Initial Studies of Halon Reactions

Sufficient studies were performed to elucidate the principal
fragmentation products and to propose reaction pathways and molecular
mechanisms for the initial reactions occurring in interaction of halons with
hydrogen/oxygen flames. Phase IIA included in this effort accomplished the
develgpment of methods for generating free radicals using photolysis,
chemical methods, or other techniques. Methods for producing or tracking
free radical reactions with halon molecules were developed. Selected free
radical abstraction reactions involving halon molecules, or other reactions
that appear to be significant to the flame suppression process and warraut

further study, were characterized.

3. Development of Experimental Plans

Experimental plans are presented for a detailed Phase III study to
verify the proposed initial reaction pathways and mechanisms in the work
performed. Possible extension of the studies to other halocarbon
cxtinguishants and fuels is discussed. A complete rationale for the
direction selected for the Phase III work is presented. This rationale
demonstrates the relationship of the work to the development of halon
replacement agents. The plan includes a description of equipment and
instrumentation needed. The Phase III studies are planned to advance work

in progress on halon replacement.

4. Technology Database

The information obtained in the technology review performed in
Phase I was used to construct a database of literature on both combustion
and fire suppression. The database will be applied to the development of

suppression concepts derived from the results of this and future phases.




The database will be used to develop proposed methodologies for prediction

of flame suppression by halon-like chemicals. This database is described in

Appendix A.

5. Final Report for Phases I and II1

This final report reviews the results obtained in Phase I, details
the results obtained in Phase II, presents conclusions, relates these
conclusions to the search for alternatives to halon agents, and presents the

plan for the Phase III studies.




SECTION II
REVIEW OF PHASE 1

A. SCOPE OF THE PERTINENT LITERATURE

Because of the significant level of experimental activity over the past
four decades, the literature contains several hundred papers pertaining
directly to the extinguishment of flames by halogenated agents. When one
adds the papers that treat general combustion and flame characterization and
diagnostic techniques, the total number of papers is immense. For this
reason, it is important that new research efforts be thoroughly examined
before initiation and that experimental details be assessed by a

comprehensive technology review.

B. TEMPERATURE MEASUREMENT

Although temporally and spatially resolved measurement of the
temperature in a flame is not a trivial task, several techniques have been
well worked out. The earliest methods used thermocouples, which can be made
quite small and can be coated to prevent catalytic and/or reactive effects.
The results can be corrected for radiation losses. Laser-optical
techniques, especially laser Raman and coherent anti-Stokes Raman
spectroscopy (CARS), are nonintrusive. These technologies take advantage of
the fact that for a molecule in equilibrium in the flame, the relative
populations of the various energy levels are directly related to the
temperature. A recent technique combines physical (intrusive) sensing with
optical monitoring. 1In this technique, a very thin silicon carbide filament
is placed in the flame and optical pyrometric methods are used to determine

the radiant emission temperature at each location along the filament.




C. TECHNIQUES FOR CHARACTERIZING FLAME SPECIES

Nonintrusive optical techniques for characterizing flames actually
predate intrusive methods. Thus, flame emission spectroscopy is a
traditional method for characterizing species present in various flame
zones. Early on, this method was complemented witb optical absorption

experiments.

Relatively recently, probes have been inserted into flames to remove
chemical species from selected flame locations. Two quite different types
of probes have been used. Microprobes, which are very long and thin, are
well suited for removing stable molecules but not for sampling radicals or
ions, which react on the walls of the probe before reaching the analytical
instrument. Large probes, with diameters of up to 1 centimeter, can be used
to sample both stable species and radicals. In these latter probes, the
flame species are drawn through a small orifice into the evacuated interior
of the probe, thus forming a molecular beam that does not impinge on the

walls of the probe and within which the various species do not collide.

The diagnostic instrument of choice for the microprobe experiments is
the gas chromatograph, since it is well suited for separating and detecting
small, stable molecules. The mass spectrometer is the instrument of choice
for the molecular beam probe experiments. This instrument combines the very
high sensitivity needed to detect species in the relatively low density
molecular beam with the ability to identify both stable molecules and

transient species such as radicals.

Although the application of molecular beam mass spectrometry to the
characterization of flames peaked in the 1970s, excellent work using this
technique continues to the present. In recent years, attention has turned
to laser spectroscopic techniques because of their nonintrusive nature and
their potential for high spatial and temporal resolution. Caution is
warranted, however. These techniques, powerful as they are, have not proven

to be suitable for all tasks. It should be noted, for example, that




spectroscopic monitoring of oxygen and hydrogen atom concentrations is
difficult at best. Since the atoms absorb in the vacuum ultraviolet region
of the spectrum, atmospheric gases must be rigorously excluded from the
optical path. Even with this precaution, it may not be possible to monitor
these atoms because of the strong absorption of normal flame components (02,
N2, etc.) in the vacuum ultraviolet region of the spectrum. Clear
exceptions are shock tube and some reduced pressure experiments in which the
flame gases are controlled to assure optical transparency at the wavelengths

where hydrogen and oxygen atoms absorb.

Of all the optical techniques, laser-induced fluorescence (LIF) is the
most sensitive. This technique is well suited for atoms and such small
molecules as OH. The prerequisite for any fluorescence experiment is the
existence of a suitable absorption band, one which permits excitation of che
fluorescing state in the molecule (or atom) of interest. To excite the two
most important flame species, hydrogen and oxygen atoms, one must use either
multiphoton excitation or traditional vacuum ultraviolet atomic resonance
fluorescence techniques. The latter technique is particularly applicable to
shock tube or molecular-beam studies, wherein air is routinely rigorously

excluded from the optical path.

While fluorescence techniques are well suited to some atoms and small
molecules, laser Raman techniques have been applied to a large number of
molecules and even to some atoms. The general applicability of Raman
techniques stems from the fact that the species of interest is excited to a
virtual state; the existence of a real state to which the species can be
excited by the available laser wavelength is not required. This fact also
accounts for the most severe limitation of laser Raman techniques: they are
not very sensitive. Of the two most common Raman techniques, CARS differs
from the simpler spontaneous Raman spectroscopy in that the CARS signal is
coherent and emitted in a single direction, a characteristic that gives CARS
the potential for greater sensitivity. 1In addition, CARS can be applied to
sooting flames, where other techniques are severely impaired. This quality

is especially significant since the addition of a halon generally increases




the visible luminescence and soot-generating characteristics of a flame.

CARS, however, is technically a very difficult experiment.

Since Raman techniques are significantly less sensitive than
fluorescence techniques, the former are best for examination of major flame
species, but are not well suited for trace species. Consequently, much of
the important chemistry can only be inferred from Raman experiments, while
fluorescence techniques, at least in principle, permit direct observation of

all species involved in the most important elementary reactions.
D. NUMERICAL MODELING

The inherent limitations of the available observational tools are of
less importance today than they were in the past because of the substantial
advances in numerical modeling of flames. Present models can include not
only all of the elementary chemical reactions known to be important but also
the molecular and thermal transport processes for the flame species. As a
result, it is possible to draw inferences from available experimental data
with increasing confidence. Indeed, while one would still like to measure
all of the species involved in elementary reactions, it may now be possible
to gain sufficient insight from the measurement of a subset. In particular,
one may ask whether it is adequate to couple a Raman technique (for the
measurement of fuel, oxidizer, and extinguishant) with LIF (for the
measurement of OH) and computer modeling (to fill in the missing information

about hydrogen atom and oxygen atom concentrations, mechanisms, and so on).
E. MECHANISMS OF EXTINGUISHMENT

Both physical and chemical mechanisms are believed to contribute to the
extinguishment of flames by halons; however, the relative importance of each
mechanism is debatable. Moreover, even though it is possible to draw a
correlation between extinguishment efficiency and such physical properties
as heat capacity, the importance of a chemical mechanism (which also

correlates with physical properties) cannot be discounted. An obvious




experiment, one that would shed light on the relative importance of the two
mechanisms, would compare the extinguishment efficiency of a preheated halon

sample with that of a room-temperature sample.

Substantial evidence supports the conclusion that the principal role of
CF3Br is to provide bromine atoms, which catalyze the recombination of
hydrogen atoms. It has also been suggested that, under some conditions,
CF3Br reacts with the OH radical (Reference 7)*as shown in Reaction (1],
although the evidence is much less conclusive.

OH + CFsBr -+ CF3 + HOBr, AH(est., 298 K) = +60 kJ (1]
Further exploration of the importance of this reaction should be pursued
using flow tube, bulb, or beam experiments. Frozen argon matrix isolation
experiments might be considered as well. For these experiments, one may
consider the thoroughly explored reaction of hydrogen atoms with N02, shown
in Reaction {2], as a source of OH radicals (Reference 8).

H + NO2 -+ OH + NO (2]
One could monitor the disappearance of OH in a bulb or flow-tube experiment

or search for reaction products by matrix isolation.

Though hydrogen bromide is a principal product of this experimental
system, hydrogen fluoride is only a minor product. Ultimately, however,
hydrogen fluoride is generated in substantial amounts. This observation
suggests that Reactions [l] and [2] are but a part of a much more complex

dynamic process. Important reactions leading to the production of HBr

*
For the convenience of the reader, reaction numbers are placed in brackets.

and equation numbers are placed in parentheses throughout this report.




include the bromine abstraction Reactions [3] and [4], although the direct

involvement of the H2 molecule cannot be entirely discounted.

CF3Br + H =+ CF3 + HBr, AH(298 K) = -76 kJ 13]

H + Br, - HBr + Br, AH(298 K) = -143 kJ (4]

2
Although the principal mechanism for chemical extinguishment appears to
be the catalytic recombination of hydrogen atoms by bromine, this reaction
may not be dominant at all stoichiometries. An alternate mechanism could be
important in the less studied fuel-lean region, which characterizes the
boundary between a "natural" fire and the environment. In this context, it

is likely that a search for alternative mechanisms may prove of great value.
F. TIME-RESOLVED EXPERIMENTS

Flame experiments conducted to date have been steady-state, where the
effect of introducing the extinguishing agent has been studied as a function
of the amount of extinguishant added. Many of these experiments have been
done very well, and it would be of little value to repeat them. On the
other hand, in order to understand fully the role of the extinguishant, it
is essential to resolve the elementary reactions physically and to learn
their reaction rates and temperature dependence. By doing so, intelligent
alternatives to the simple halons might be identified. Such experiments are
not straightforward; nevertheless, worthwhile approaches may involve the use
of molecular beams or flow systems. Both of these techniques are powerful
though instrumentation- and manpower-intensive. In addition, both require
considerable preparatory work before appropriate combinations of reagents
and conditions can be established. This preparatory work could consist of a
set of bulb experimenis in which early-reaction products of reactive free
radicals, such as H, OH, Br, Cl, and I, are allowed to combine with halons.
These radicals may be prepared by discharge methods or by laser multiphoton
dissociation of precursors. Analysis of the products by infrared (IR)

spectroscopy, mass spectrometry (MS), or gas chromatography (GC) will allow
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identification. Another technique particularly suited to free-radical
studies is electron paramagnetic resonance (EPR). Coupled with a flow

system, EPR can give quantitative estimates of radical concentrations.
G. ALTERNATE EXTINGUISHMENT MECHANISMS

To this point, the emphasis has been placed primarily on experiments
that focus on the extinguishment mechanism in which the concentration of
hydrogen atoms is sharply reduced. However, it would be wise to complement
these experiments with a set of experiments that focus on the reduction of
hydroxyl free radicals. Two factors commend this approach. First, it is
known that the O/H/OH system is essentially in equilibrium in the flame.
Thus, any agent that reduces hydroxyl concentration (or oxygen atom
concentration) will also reduce the hydrogen atom concentration and thus
extinguish the flame. Second, the primary mechanism for destruction of
potential depleters of stratospheric ozone during their passage through the
troposphere is reaction with hydroxyl radicals. Photolysis by wavelengths
longer than 300 nm also plays an important role. Thus, any agent that
reacts with the hydroxyl radical not only should be an effective fire
suppressant but also could be prevented from reaching the stratosphere by
rc tlons with hydroxyl radicals in the troposphere. Indeed, it is
conceivable that an agent that reacts with hydroxyl radicals as its primary
extinguishment mechanism may not be a threat to the ozone layer. While such
a research program is admittedly of higher risk than programs that focus on
modification of conventional halon suppressants, such a program could

provide the ultimate solution to the problem of ozone depletion by halons.
Based on the results for Phase I, in Phase 11 a project of methodology

development was pursued to compare the usefulness of Raman spectroscopic

techniques, matrix isolation FT-IR, and photoionization mass spectrometry.
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SECTION III

VERIFICATION OF EXPERIMENTAL APPROACH

A. LASER RAMAN SPECTROSCOPY

1. Aligning the Laser Optics

The basic design of the Raman spectrometer is presented in
Figure 1. The Raman spectrometer can be separated into two optical parts:
the laser optics and the sample-to-monochromator optics (Figure 2). These
two optical components must be aligned such that the signal arriving at the
detector gives the highest signal-to-noise (S/N) ratio possible. In order
to do this, one of the optical paths must be aligned first, and the other
must then be aligned to it. Of the two optical paths, the laser component

was the most difficult to align; therefore, it was the first to be aligned.

The laser optics are made up of two first surface mirrors and “wo
50-mm lenses. The first step in aligning the laser optics involved
positioning the argon ion laser so that the beam was horizontal to the
optical table. Alignment was accomplished by measuring the height of the
laser beam above the optical table at two, well-spaced positions. Once this
was achieved, the mirror used to direct the laser toward the expected
position of the flame was installed. In order to align this mirror such
that the beam remained parallel to the optical table, the mirror was first
set so that it reflected the laser beam directly back along the path of the
incident beam. It was then rotated in the plane of the optical table, so
that it directed the beam toward the expected position of the flame. The
back mirror was then installed and aligned by positioniung it so that the

laser beam reflected back along the path of the incident beam.
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for mirror, S stands for slit.




"SIXy |[EJIUSA 8Y) O] ewely
eyl ybnoay Buissed Jase] ayl jo abew eluozuoy oy) sjejsues) o) pesn dnieg reando

Vah

IS Jojewonjoouony

"2 9By

14




At this point, the first lens could be installed. This lens could nnt
be aligned as the mirrors were, since doing so caused the laser beam to
diverge too much to allow one to determine adequately whether the reflected
beam retraced the path of the incident beam. As a consequence, another
method using the reflection of the laser off the outer and inner surfaces of
the lens was employed. For this method, the lens was installed such that
the reflect{on of the laser beam off the lens surfaces could be seen on the
lab wall. 1If the lens was not aligned, two reflections could be seen. One
reflection was caused by the beam entering the lens and the other by the
beam exiting the lens. When the lens was aligned, a singie spherical
reflection, made up of the superposition of the two reflections from the

lens, was seen.

The last step in aligning the laser optics was the installation of the
second lens. This lens was placed between the first lens and the back
mirror at approximately twice the focal point of the two lenses. Since this
second lens was positioned so that it would, in conjunction with the first
lens, collimate the laser beam, it cculd be aligned in much the same manner
as the mirrors. The focal positions of the lenses were matched by observing
the collimated beam returning to the laser cavity. When this beam appeared
to be of the same diameter as the beam exiting the laser cavity, the focal
points of the two lenses were considered matched, and the laser optics were

considered aligned.
2. Aligning the Monochru:ator Optics

The next step involved in aligning the optics of the Raman
spectrometer required aligning the sample-to-monochromator optics with the
focal point between the two lenses in the laser optical path. In order to
accomplish this, the optical multichannel analyzer (OMA) detector was
replaced by a low-powasr alignment laser. When installed properly, the beam
from the aligning laser followed the reverse path of the monochromator and
exited from the center of the monochromator entrance s.it. The beam was

then used to align the mirror assembly, which was designed to translate the
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Raman signal emanating from the horizontal argon ion laser beam to the
vertical axis of the monochromator slits. The alignment was done by
positioning the assembly such that the aligning laser heam exiting the
monochromator intersected exactly the focal point between the two lenses
focusing the argon ion laser beam. Finally, the 7.5-mm lens was placed
between the mirror assembly and the focused argon ion laser beam according

to the lens equation (1).

+ - (1)

where Sl’ 52’ and f are the distances shown in Figure 3 (Reference 9). This
lens was aligned by positioning it so that the alignment laser beam again
intersected the argon ion beam at the focal point between the two lenses,

thus focusing the argon ion beam.

Although the alignment of the optics for the Raman spectrometer may be
complete, the above directions only allow the investigator to come close to
exact alignment. The next and final step in aligning the optics requires
that each element of both optical paths be individually adjusted to produce
the maximum signal at the OMA detector. This time-consuming procedure may
have to be repeated many times before the final alignment is achieved. Once
the alignment is completed, however, there need be no more adjustments to
either optical path unless one or more of the elements in either path is

moved, by accident or necessity.
3. Installing the Burner
The burner is installed, as Figure 4 shows, with the slots running

parallel to the argon ion laser beam (from here on called the "beam").

Furthermore, it is positioned so that the very center of the flame slot
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0.4 cmindent. The dimensions of part E are 7.0 x 5.0 x 1.0 cm, and the slot in the center
of the piece is 3.0 x 0.1 cm. Part F is a 5.0 cm high piece of 3.0 cm o0.d., 2.0 cm i.d. tubing.
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occurs at the focal point between the two lenses focusing the beam. Since

the optics comprising the Raman spectrometer are fixed, the flame must be
moved through the path of the laser beam. The burner was mounted on a
platform that could be positioned by translational stages in either the x
(parallel to the beam), y (horizontally perpendicular to the beam), or z
(vertically perpendicular to the beam) directions. Once the x and y
positions were set, data were recorded as a function of height above the
burner by measuring the absolute position of the laser beam above the

burner and then adding or subtracting the distance the z-translational stage
had moved. The absolute height of the laser beam above the burner surface
was measured by allowing the laser beam to burn a horizontal line in a piece
of paper drawn across the burner surface. The distance between the position
of the burn and the the bottom of the paper is equal to the height of the
laser above the burner. Although this method seems crude, the burner height
is reproducible. Accuracy, on the other hand, could easily be off by as

much as 150 um.

With the system aligned as described above, the cross section of the
sample area (the cross section of the argon ion laser beam) focused on the
monochromator entrance slit was measured to be a cylinder approximately 1 cm
long, with a diameter of 250 um. The slits on the monochromator were set at
300 pum for the main entrance slit and 200 um for the entrance slit for the
dispersion area of the monochromator. These slit widths were set by
experimentally determining the combination that produced the best signal-to-

noise (S/N) ratio for the system.

The procedure for acquiring data from the flame was as follows.
Hydrogen gas was allowed to flow through the burner slot and was ignited by
a spark. The oxygen gas was then turned on, and gas flows for both oxygen
and hydrogen were set to values previously determined to provide a
stable flame with a reaction zone approximately 2.5 mm above the burner
surface for the uninhibited flame. The flame was allowed to burn for
several minutes so that the system would come to equilibrium. The hydrogen

flow rate was 16.25 liters per minute, the oxygen flow rate was 4.20 liters
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per minute, the argon flow rate was 10.1 liters per minute, and the CF3Br
flow rate was 0.5 liters per minute. These rates were measured using the
flow meter calibration curves provided by the Matheson Gas Company for each

rotameter.

The monochromator was set to the region of the Raman spectrum desired.
Data were gathered by first positioning the laser beam at a height 0.5 mm
above the burner surface. The OMA was then set to acquire a Raman spectrum
every eight seconds, for approximately 7 minutes. The 54 foreground scans,
containing the Raman signal scattered from the flame, were combined and
stored by the 1218 OMA console. Next, the laser was blocked, and a
background spectrum was gathered exactly as the previous Raman spectrum.
These two spectra, foreground and background, were then subtracted to
produce the final Raman spectrum seen throughout this work. The burner was
then moved down by 127 pm (0.005 inches), and the next spectral set was
taken and stored. Data collection continued until the laser had passed
through the combustion zone of the flame. The final height of the laser
beam above the burner surface was measured to be 3.302 mm (0.130 inches).
The 20 spectra taken at each region of the Raman spectrum investigated
represented a pseudo-concentration profile of the molecules represented by
the Raman bands. The minimum time required to obtain a full profile in any
region of the Raman spectrum was 4 hours and 40 minutes. The actual time
needed to acquire all the data for such a profile was more often 6 to 7
hours. This lengthy downtime was often due to warmup time and data

acquisition problems that shut down the OMA detector during a scan.
4, Flame Temperature Measurements

The measurement of flame temperature is not a trivial task.
A temperature probe would perturb the region of the flame where it is
inserted, causing changes in the combustion process. As a consequence, the
local temperature would also be changed. Recently, thermocouple devices
capable of surviving the high temperatures of flames have been developed.

These devices are designed to minimize flame perturbation; however, they
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still produce erroneous results. Nonintrusive spectroscopic methods like
sodium D line reversal (Reference 10), OH emission (References 11 and 12),
Rayleigh (References 13 and 14), Raman (References 15-18), and fluorescence
(Reference 10) have been used in the past. With the exception of Rayleigh
scattering, these spectroscopic methods measure the populations of two or
more of the electronic, vibrational, or rotational energy levels of a
molecule. Knowing the populations of two or more energy levels of a
molecule and their relative energies and degeneracies, one can calculate the

temperature of that molecule using the Boltzmann equation.

Although spectroscopic measurements are less intrusive than
thermocouple devices, they can still suffer such problems as a
nonequilibrium population distribution, difficult spectroscopic setup, or
inaccurate or imprecisely known transition probabilities (Reference 6).
Consequently, no method is expected to produce the correct flame temperature
without some modification of the equations used to calculate the
temperature. Evidence of these problems can be found in the literature,
where different methods have produced final flame temperatures that vary by

10 K or more (Reference 6).

The Raman spectrum of the hydrogen molecule was used to calculate
the flame temperatures because this technique is the investigative tool for
this work, and the temperature could be measured without changing the
instrumental setup. The Raman method, used in conjunction with
concentration data to evaluate the flame, was selected because the Raman
temperature data were taken at the same time as the concentration data and,

therefore, had the same spatial resolution.
5. Theory of Raman Temperature Measurement
The Raman spectrum of a molecule provides a large amount of
information. Of particular interest is the effect of temperature on the

spectrum of a molecule. 1If this effect can be measured, the temperature of

the molecules in a flame can be calculated from the Raman spectrum. Two
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Raman methods have been developed to measure flame temperatures. These are
the Stokes/anti-Stokes method and the Stokes method (Reference 6). Both
methods provide similar information, but the Stokes/anti-Stokes method
requires considerably more difficult spectroscopic techniques than does the
Stokes method. Thus, the Stokes method is the one of choice when

determining the temperature of a flame using Raman spectroscopy.

Since the Raman spectrum of a molecule represents the population
distribution among the vibrational and/or rotational states, molecular
transitions between these states are used to determine the flame
temperature. In the harmonic oscillator-rigid rotor model, the Raman
spectrum of a ground-state molecule is identical to that of any excited
state of that molecule. Fortunately, molecular vibrations and rotations are
not perfect oscillators or rotators; therefore, the Raman spectra of the
ground and excited states of a molecule are not identical (Reference 19).
Consequently, the relative populations of the ground and excited states can
be determined provided the shifts of the vibration or rotation frequencies
are large enough to allow the Raman instrument to resolve the spectral
bands. Normally, the anharmonicity within a normal vibration band causes a
shift of only a few wavenumbers in the rotational components of the Raman
spectrum. When the spectral shifts are this small, optical resolution of
the different transitions is difficult. Because of the optical resolution
of the instrument used in this work (4 to 8 cm-l) and the effective
broadening due to rotational/vibrational mixing, an energy difference of
greater than 20 cm-1 is needed to resolve the Raman rotational transitions

needed for temperature determinations (Figure 5).

Conveniently, some molecules, such as those in Table 1, have
wavenumbar shifts of up to several hundred wavenumbers. In particular,
molecules such as the last three in Table 1, which have shifts of greater
than 100 c:m'1 for the ground and excited states, are reasonable candidates

for measuring flame temperatures using Stokes Raman spectroscopy.
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TABLE 1. ENERGY DIFFERENCES BETWEEN ADJACENT VIBRATIONAL LEVELS FOR SEVERAL
DIATOMIC SPECIES.?

Vibrational levels, Av(Vv + 1, v), cm-1
Molecule 1-0 2 -1 3 =>2
O2 23.7 23.3 23.0
N2 28.8 28.8 28.8
HC1 103.6 103.3 102.9
OH 165.0 165.0 165.0
H2 233.4 231.6 229.6

8Taken from Reference 15.

For the five molecules listed in Table 1, Raman spectroscopy gives
lines spaced widely enough to permit accurate measurement of the intensities
of the discrete rovibrational transitions. A relationship between the
temperature and these spectra needs to be formulated so that flame
temperatures can be measured. The expression for relating the spectral

intensity to temperature is the Boltzmann equation (2) (Reference 20).

N, /N = (g, ;/Q) exp(-AE/kT) (2)
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the molecule along its kth normal coordinate, is called Stokes Raman

scattering and is the effect with which this work is concerned.

Consider two transitions within the same band, for example, v" =

0, J' =1 2>v' =1, J' =land vt =0, J*" =3 > v' =1, J' = 3, Label the

intensities of the lines 111 and 133, respectively. Combining Equations (2)
and (3), we obtain

where gyi is the nuclear spin degeneracy of the rotational state, and the
double primes are standard spectroscopic notation indicating the lower
state. A measurement of the relative intensities of these lines permits

calculation of the rotational temperatures in the flame.

I, .1/, = (&, , (/8 )exp (-AE/KkT) (5)

The rovibrational Raman spectrum of molecular hydrogen was chosen

to measure the flame temperature for the following reasons:

a. Hydrogen is in high concentration in the precombustion zone

(over 50 percent of the total gas is HZ)'

b. The rovibrational Raman spectrum occurs in the region of 4156
cm'l, well above most other molecules, so that little or no spectral

interference is present.

c. The rovibrational Raman spectrum of hydrogen is an intense
series of well-resolved Raman bands representing the Q branch of the
fundamental hydrogen vibration, which allows easy access to the populations

of two or more of the hydrogen rotational ground states.

It is important to note that rotational relaxation times are several

orders of magnitude smaller than vibrational times (Reference 20).
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where NV is the population of the v,J rovibrational state, g, i is the

stacistiéil weighting factor, AE is difference in the energy beéween the
v,J=0 and v,J rovibrational states, kb is the Boltzmann constant, T is
temperature, and QR is the rotational partition function. This equation
relates the population of different rovibrational states of a molecule to
the energy difference between those states and the temperature of the
molecule. Therefore, the rotationally resolved Raman spectrum of a
vibrational mode provides the energy difference between the rovibrational
states and permits calculation of the population of each state. The energy
difference is calculated directly from the wavenumber position of the Raman
peak by the equation E = hcr, where h is Planck’s constant, ¢ is the speed
of light, and v is the frequency. Equation (3) indicates that the
population of the ground rovibrational state v,J is proportional to the
intensity of the Raman band, which arises from the transition from the
vibrational state v,J to state v+1,J(AJ=0). For a sample of randomly

oriented molecules the scattered radiant intensity, I, is given by

1 = (3

1440 wze 2
o

where W, is the frequency of the incident light, w is the frequency of the
vibration of the molecule along its kth normal coordinate, a is the
polarizability tensor of the molecule along its principal coordinates, E is
the electric field vector incident on the molecule, s is the permittivity
of free space for an electric field, and Io is the sample irradiance. The
case of wy + o, in which the frequency is higher than the incident
frequency by an amount equal to the frequency of the vibrations of the
molecule along its kth normal coordinate, is called anti-Stokes Raman

scattering.

The case of Wt @, for which the frequency is lower than the

incident frequency by an amount equal to the frequency of the vibrations of
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Consequently, the population distribution for rotational states may more
nearly reflect the equilibrium distributions than does the vibrational
population distribution for a given flame temperature. Therefore, analysis
of the Q branch of the hydrogen fundamental vibration may be expected to
give temperatures closer to the true flame temperature than those obtained
from rotationally unresolved vibrational spectra. This fact, along with the
high signal intensity and low spectral interference of the hydrogen
rovibrational spectrum, makes hydrogen the molecule of choice for the

measurement of flame temperatures using Stokes Raman spectroscopy.
6. Temperature Measurement using the Hydrogen Raman Spectrum

The rovibrational Raman spectrum of hydrogen at room temperature
can be seen in Figure 6. Superimposed on the experimental spectrum are
vertical bars ha ring locations calculated from the spectroscopic constants
for H2 and having amplitudes calculated from Equation (5), including the
nuclear spin state degeneracies discussed below. One striking feature of
the spectrum is the irregular band intensities, which are in contrast to the
smooth transition from one band intensity to the next that might be
expected. These irregular band intensities are due to statistical factors
for homonuclear molecules like hydrogen. In the case of homonuclear
diatomic molecules, the angular momenta of the two nuclei interact to
produce a resultant angular momentum for the molecule and cause the
statistical weight of the antisymmetrical level J to be less than the mean
of the statistical weights of the neighboring symmetrical levels J+1 and J-
1. For the hydrogen molecule a statistical weight ratio of 3:1 is expected
for the symmetric and antisymmetric levels. Since the even rotational J
levels of hydrogen are antisymmetric and the odd are symmetric, the Raman
bands representing the transition originating from the odd rotational levels
have a statistical weight of 3(2J + 1), while those from the even rotational
levels have a statistical weight of only (2J + 1). Therefore, an
alternating intensity spectrum of the rovibrational Stokes Raman spectrum of

H, is expected. When multiplied by the Boltzmann population factor, the

2
intensities in Figure 6 result.
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In determining the temperature of the flame using the Q branch
(AJ = 0) of the Raman Stokes hydrogen rovibrational spectrum, the
intensities of the Raman bands for the 1",1’ and the 3",3’' rovibrational
transitions were measured. These intensities are proportional to the
fractional populations of the first and third rotational energy levels of
the ground vibrational energy lev=l. These two Raman bands were chosen
because they are the most intense. This high intensity is aue, in part, to
the substantial state populations over the temperature range of interest and
to the statistical weight of 3 to 1 for odd to even rotational energy levels
in the H2 rovibrational spectrum. Because the two bands chosen to measure
the flame temperature are both odd, they have the same statistical weight
due to the nuclear spin interactions. Consequently, the nuclear
degeneracies cancel out and the statistical weights for the first and third
rotational energy levels are simply 2J +1, where J is the rotational quantum
number. The energy difference between the first and third rotational energy
levels can be calculated from the pure rotational Raman spectrum of H2

(Figure 5), where the 1 - 3 rotational transition (Reference 21) occurs at

587.027 cm-1 (1.166 X 10-20 Joules). Substitution into Equation (5) gives

Nyg/Nyp = I33/1p,

= [2(3) + 11/12(1) + 1)]exp(-1.166 x 10-20Jou1es/kT)

= 7/3 exp (-1.166 x 10'2°Jou1es/kr) (6)

Soiving Equation (6) for the temperature of the H, molecule and, therefore,

2
the flame yields

T = (-1.166 + 10'20)/[k In (71,/31,)] (7)
As an example of this technique, the intensities of the 1",1’' and the 3", 63’

transitions, for the room temperature spectrum of hydrogen gas in Figure 4

were measured and found to be 3013 and 431 counts. Using Equacion (7), the
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calculated temperature is 302.5 K, which is very nearly that of the direct

thermocouple measurement of 298.5 K.

In conclusion, the Raman method was chosen to measure the
temperature of the flame for this work. Although the OH emission method is
a well-established technique, it suffers from spatial resolution problems
that severely reduce its usefulness here. The Raman method, having the same
spatial resolution as the concentration measurements of the molecules in the
flame, suffers from a decreased S/N ratio as the measurement approaches the
reaction zone of the flame. This loss of S/N was not as important as the
loss of spatial resolution of OH measurement because the present work is
concerned with the precombustion zone of the flame where the lower S/N of

the H2 rovibrational spectrum can be tolerated.
7. Results of Uninhibited H2/O2 Flame

Three regions of the Raman spectrum were investigated for the
uninhibited H2/O2 flame: the oxygen vibrational region at 1556 cm'l, the
water vibrational region at 3652 cm'l, and the hydrogen rovibrational region
at approximately 4156 cm-l. The profiles obtained for each of these
molecules in the uninhibited flame as well as the flame temperature are

presented in Figure 7.

The important features of the concentration and temperature

profiles presented in Figure 7 are the following:

a. The flat region in the hydrogen and oxygen profile, extending
from 0.5 mm to approximately 1.25 mm, along with the low temperatures and
low concentration of water in this region, indicates that this region is in

the precombustion zone of the flame.

b. The rapid decrease in the concentrations of both hydrogen and

oxygen beginning at approximately 1.25 mm above the burner and the increase
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in the temperature of the flame after this point indicate the onset of the

combustion zone.

c. The rapid rise in the temperature of the flame to a maximum
of 3000 K in the region extending from 1.85 mm to 2.70 mm and the near
depletion of both oxygen and hydrogen during this time indicate that this is

the combustion zone of the flame.

d. Although the region higher than 2.70 mm above the burner is
shown later in Figure 10, the high temperature and low and rapidly
decreasing concentrations of the H2 molecules in this region make

temperature calculations unreliable.

Since this work is concerned with the reactions taking place in a
halon-inhibited flame just prior to the combustion zone, the flame profiles
shown in Figure 7 probe the region of the flame important to this study.
Also, since the combustion zone of the Halon 1301-inhibited flame is
expected to occur slightly farther from the burner surface than the normal
flame, the extension of the normal flame profiles well into the combustion
zone is necessary for direct comparison of the flame profiles of the two

flames.

An interesting observation of the flame profile presented in
Figure 7 is the complete destruction of the hydrogen molecule, despite the
fact that the stoichiometry of the flame was approximately 4:1, hydrogen to
oxygen. In order to understand this result, some properties of combustion
and molecular transport must be reviewed. First, the H2/02 reaction has a
stoichiometry of 2H2 per 02; therefore, oxygen is only responsible for the
consumption of approximately half the hydrogen. The remainder of the
hydrogen is lost by diffusion of either the hydrogen molecule or radical out
of the flame, or through dissociation (Reaction [5]). Since diffusion is
inversely proportional to the square root of the mass of the molecule or

atom, the rates of diffusion for the hydrogen molecule and radical are
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large. The loss of molecular hydrogen through Reaction [5] does not begin
to be important until the temperature of the flame has increased above

2000 K.

H2 +M-+2H + M [5]
The relative unimportance of this reaction at low temperatures is
understood when the rate constants for Reaction [5] at 600 and 2500 K are
-35 6 2

ca;culzted to be k600 K= 1.0 x 10 cm /sec-moles  , and k2500 g = 9.0 x
10" cm /sec-mole”. It is apparent that at low temperatures, Reaction [5] is
very slow; only at high temperatures does the reaction begin to be important
in the removal of hydrogen from the flame. Consumption of hydrogen by 02,
diffusion of hydrogen out of the flame, and thermal degradatibn of hydrogen
through Reaction [5] contribute to loss of the molecular hydrogen Raman

signal in the flame profile in Figure 7.
8. Results of Halon 1301 Inhibited H2/O2 Flame

The addition of 0.5 liters per minute of Halon 1301 (2.4 percent
by volume) to the flame caused the luminous blue combustion zone of the
flame to move visibly farther from the burner surface than observed for the
normal flame. Four molecules were profiled in this flame: hydrogen, oxygen,
Halon 1301 (at 758.5 cm-l), and the 02 radical (Reference 22). The C2
concentration profile is measured from its fluorescence spectrum at
563.5 nm, and the profiles of the other species were determined from the
Raman spectra. The C2 fluorescence spectrum occurs when the 514.5-nm laser
wavelength is used and is not present when the 488.0-nm laser wavelength is

used. This is an expected result on the basis of previously reported

experience.

The concentration profiles of these molecules and the temperature
profile of the flame are presented in Figure 8, which illustrates the same
height above the burner and has the same percent concentration scale as

Figure 7 but a temperature range of only 1200 K rather than 3200 K.
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The profiles presented in Figure 8 confirm that the combustion
zone has moved away from the burner surface. The figure also shows rapid
destruction of Halon 1301, as indicated by both the rapid drop in the Halon

1301 concentration profile and the subsequent rise in the C, profile. The

2
hydrogen and oxygen concentration profiles show a slow drop, and the
temperature profile indicates that the area of the flame represented by the
data is the precombustion zone. Figure 9 continues the temperature profile
for the flame past 3.33 mm above the burner. The rapid rise in temperature
that occurs after 3.33 mm above the burner indicates the onset of the
combustion zone and shows that the data in Figure 8 represent the pre-
combustion zone, which is the area of interest for this work. The final
temperature of the inhibited flame could not be measured because the
concentration of the hydrogen molecule fell below the level needed to
produce an adequate Raman signal for the temperature measurement. Also of
importance in Figure 8 is the absence of a concentration profile for water.

Although attempts were made to detect water molecules, the presence of water

could not be established in the investigated area of the flame.
9. Comparison of Normal and Inhibited Flames

Several differences can be seen in the comparison of the
concentration profiles in Figures 7 and 8 for uninhibited H2/02 and Halon
1301-inhibited H2/02 flames.

a. The 02 radical is present in the halon-inhibited flame and
not in the normal flame. This is to be expected since the normal flame has

no source of carbon atoms.

b. The onset of the combustion zone is farther from the burner
surface for the inhibited flame than for the normal flame. This indicates
that the burning velocity of the inhibited flame is slower than that of the

normal flame.
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c. Given that the combustion zones for the two flames occur at
different heights above the flame, it is expected that the H2/O2
concentration profiles will differ, as they do.

d. Since the rate of change in the concentration of any flame
species is proportional to the slope of its concentration profile at any
position in the flame, comparison of the concentration profiles of oxygen
and hydrogen for the two flames indicates that the rate at which these

molecules are consumed is substantially reduced in the inhibited flame.

e. Although water is found in detectable amounts in the pre-
combustion zone of the normal flame, none was detected in this same region
for the inhibited flame.

£. The temperature profiles for the two flames are similar, with
the profile for the inhibited flame reaching a maximum higher than that for
the uninhibited flame. This is expected from the movement of the combustion

zone described in b. above.

g. Both profiles of the species in each flame have a region
where the oxygen and hydrogen concentrations are constant over several
tenths of millimeters in the flame. This indicates that the profiles cover

the warming zone of the flame, where few or no reactions are occurring.

Among the above differences in the profiles presented in Figures 7
and 8, the reduction in the rate of consumption of both hydrogen and oxygen
and the lower burning velocity found for the inhibited flame are the most
important. Other differences cannot be easily related to the chemical

process occurring in the flame.
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B. MATRIX ISOLATION SPECTROSCOPY

1. Introduction

Electric discharges have been used extensively as sources for
radicals and ions. Microwave discharges have found especially wide
application in this context, but DC discharges have also been used in some
experiments. In principle, a DC discharge should offer the experimentalist
greater flexibility in the design of an experiment. One can not only select
the polarity of the discharge, but can also operate the discharge in a metal
source. Microwave discharge experiments are usually constrained to employ

tubes made of insulators such as quartz and alumina.

It was, therefore, of interest to explore in some detail the
operating regimes for hollow cathode and hollow anode glow discharges. It
was immediately found that satisfactory glow discharges could be sustained
in aluminum electrodes with a pressurec of a few torr of argon. Moreover,
when the argon was seeded with a fraction of one percent of a halogenated
hydrocarbon, the products were surprisingly similar to those one would
expect to find in a flame seeded with the same halogenated compound. Thus,
it soon became apparent that one might be able to explore much of the
chemistry that is characteristic of flames by studying the reactions found
in low pressure argon discharges seeded with fuels, oxidizers, and flame

suppressants, especially Halons 1301, 1211, and 2402.

The matrix isolation technique is especially well suited for
examining the products of such discharges. When the products of the
discharge are condensed on a cold, infrared-transparent target, both the
argon carrier gas and the product molecules, radicals, and ions condense on
the target. Moreover, since the argon is present in great excess, the
frozen argon matrix traps both the stable and unstable products of the
discharge, prevents them from undergoing further reactions, and permits the
characterization of these products spectroscopically using conventional

Fourier Transform Infrared (FTIR) techniques.
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2, Experimental

Figure 10 illustrates the principal components of the electric
discharge supported flame system. The hollow electrode was fabricated of
1100 aluminum by boring a 2.44 mm (0.096-inch) diameter hole to a depth of
2.5 cm (1.0 inches). A 0.343 mm (0.0135-inch) diameter hole drilled in the
closed end of the electrode served as the nozzle through which the discharge
products were sprayed onto the cold target. The nominal length to diameter
ratio of the nozzle was about 5. The coaxial counter electrode was
fabricated from 0.79 mm (0.031 inch) diameter aluminum wire. Except for the
last 2 mm, the counter electrode was sheathed in a high-purity, low-silicon

alumina tube having a nominal outer diameter of 1.5 mm (0.063 inches).

Matrices were condensed on a cesium iodide target cooled by an Air
Products Model DE202S Displex closed-cycle, variable-temperature cryostat
capable of achieving a minimum temperature of about 10 K. The high vacuum
for the cold cell was achieved with a &4-inch diffusion pump equipped with a
liquid nitrogen-cooled chevron baffle and a liquid nitrogen-cooled U-trap.
As is typical for such systems, traces of water, carbon dioxide, carbon
monoxide and other hydrogen, oxygen, and nitrogen compounds were usually

observed in the spectra of the discharge products.

In typical experiments, thé optically transparent cesium iodide
target was held at 10 K (nominally) throughout. The seed gas was mixed with
argon in a molar ratio of one part seed gas to 1000 parts argon. The
typical rate of deposit was about one millimole of argon per hour. While a
majority of the experiments were performed with the hollow electrode as the
negative electrode (hollow cathode), the polarity was reversed for several
experiments. The experimental parameters for these latter, hollow anode,
experiments were significantly different from those for the hollow cathode
experiments. In the hollow cathode mode, a stable discharge could be
maintained with a measured upstream pressure of 0.8 to 8.0 torr, a discharge

voltage of 400 to 800 volts, and a discharge current of 0.1 to 8.0
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milliamps. By contrast, the hollow anode discharge required a higher
pressure and was sustained at a much lower current. For the latter
experiments, the useful pressure range was 5 to 7 torr, the voltage
could be varied from 400 to 600 volts, and the measured current was

0.02 to 0.47 milliamp.

The spectra were recorded from 4000 to 400 cm-1 with a Nicolet
6000C FT-IR Spectrophotometer using a liquid nitrogen-cooled, mercury-

cadmium-teluride (MCT) detector at a resolution of 1 em’ L,

3. Results

A total of 28 experiments were performed: 13 with Halon 1301,
12 with Halon 1211, and 3 with Halon 2402. The experiments can be
conveniently divided into three groups. In the first group, the argon-halon
mixture was simply passed through the discharge. 1In a second set of
experiments, a small amount of hydrogen or oxygen was added to the argon
halon mixture. The third set of experiments used vacuum ultraviolet (VUV)
photolysis (in place of the electric discharge) to generate the product

species.
a. Discharge Experiments

The purpose of the simple discharge experiments was to
characterize the fragmentation patterns of the various halons. The dilute
argon-halon mixtures were passed through the discharge, the products were
collected in the frozen argon, and the spectra were recorded. With almost

no exceptions, the expected fragments were observed: CF, CF2, and CF3. A
variety of stable molecules were also observed. These included C2F4

(probably from recombination to two CF2 radicals), CF4 (also from a
recombination reaction), HF (from traces of water in the system), HCF3 (also

from reaction with water), and OCF, (perhaps from reaction of F atoms with

2

CO or CO2 impurities). In addition to the radicals and stable molecules,

several ions were also observed in deposits generated by hollow cathode (but
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not hollow anode) discharges. The appearance of these ions led to the

series of photolysis experiments (described below).

An interesting aspect of discharges in Halon 2402 was the

appearance of CF,Br (Halon 1301) as a discharge product. The formation of

3

CF3Br provides additional evidence that considerable complex chemistry

occurs in the discharge and subsequently in the matrix.

Perhaps the most noteworthy feature of the discharge
experiments was the fact that the same fragments and stable species were
also observed in flames into which halons have been introduced. This
observation immediately suggested that it might be possible to gain insight
into the behavior of typical flames by studying their electric discharge-
supported counterparts, which in turn led to the next set of experiments, in
which both hydrogen and oxygen were intentionally added to the argon-halon

mixture in the hollow electrode.
b. Hydrogen and Oxygen Doped Discharges

In five experiments, varying amounts of hydrogen were added
to a mixture of argon and Halon 1301, and the combined mixture was passed
through the discharge. Data from one of these experiments are displayed in
Figure 11. 1In the experiment illistrated by this figure, the amount of
hydrogen increased from experiments 1 to 9. The data indicate that the
relative amount of CF3 decreased as the amount of hydrogen was increased;
they further suggest that the hydrogen reacted with the CF3 (either F-atom
abstraction by H atoms or molecules, or recombination of CF3 with H atoms to
form HCF3). Note, however, that this experiment was not repeated. The
results must be treated very cautiously and should be considered only
suggestive at this point.

When hydrogen was added to the argon-CF_ BrCl mixture, the

2
dominant hydrogen halide was HCl; only a trace of HF was observed, and no
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HBr was found. This result can be understood by considering the following

set of reactions.

CFzBrC1 + H - HBr + CF2C1, AH(298 K) = -74 kJ [6]
CFzBrCl + H - HF + CFBrCl, AH(298 K) = -131 kJ [7]
CFzBrCI + H -+ HCL + CFzBr, AH(298 K) = -202 kJ (8]

As indicated by these reactions, the thermodynamically.
favored reaction yields HCl. The observation of the thermodynamically
favored product to the exclusion of the less favored hydrogen halides
strongly suggests that thermodynamic equilibrium is achieved in the electric
discharge-supported flames. It should be noted in passing that HCl is a
sink for H and Cl atoms, while the Br atoms in HBr are still available to

participate in the catalytic recombination of H atoms.

The addition of oxygen to the argon-Halon 1301 mixture

yielded no obvious changes in the pattern of discharge products.
c. Photolysis Experiments

In the photolysis experiments, the argon-halon mixture was
introduced into the cold cell through a separate spray-on line (without
being passed through the discharge), and pure argon was passed through the
discnarge to serve as a vacuum ultraviolet (VUV) photolysis source. With
this configuration, the only observed reactions are those due to the
interaction of the photons from the argon discharge (especially the Ar
resonance lines at 104.8 and 106.7 nm) with the halon molecule. 1In the case
of Halon 1301, both the positively and negatively charged parent ions
(CF,Br" and CF,
photolytic activity than did Halon 1301. In addition to previously
identified ions (CF,BrCl , CF,Br , CF Br', and CF,Cl%), the two ions

2 2 2

CFzBrC1+ and CF2C1- were apparently observed for the first time.

Br ) were observed. Halon 1211 displayed much more
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C. PHOTOIONIZATION MASS SPECTROMETRY
1. Purpose

The purpose of these experiments was to conduct a set of static
gas tests in which the flame free radicals H, O, and OH were generated by
photolysis of the appropriate precursor in the presence of a halon. The
intent is to arrest the typical flame reactions immediately after the
initial reactions occur rather than allowing reactions to proceed to the
thermodynamic products. Various analytical techniques were used to identify

primary reaction products of halon free radical reactions.
2. Experimental

The bulb experiments were conducted in a 1.4 liter stainless steel
chamber equipped with a quartz window that passed UV radiation down to 1750
Angstroms. The chamber could be evacuated to a pressure of ].()-3 torr anc an
inlet manifold permitted introduction of gases as required. The pressure
was monitored with a capacitance manometer. The entire chamber was wrapped
with heating tape and could be warmed to temperatures above ambient. All
seals were made with metal gaskets so that adventitious organic molecules
could be removed by degassing at elevated temperatures. Light sources used
to irradiate samples in the chamber consisted of the outputs of a XeCl
excimer laser at 3080 A and of a high-pressure xenon arc lamp, which gives a
spectral output similar to that of the sun as it irradiates the
stratosphere. Light from the xenon arc lamp was coarsely focused on the

inside of the chamber by means of a quartz lens arrangement.

After irradiation, the products were collected by trapping the
entire contents of the chamber in 1-liter, stainless steel sample containers
cooled by liquid nitrogen. Samples were removed from these bottles as
needed. These containers served as long-term storage chambers for the
product mixtures. For gas chromatography/mass spectrometry (GS/MS)

analysis, small samples were collected in vials capped with rubber septa;
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gas-tight syringes were used to transfer samples to the GC/MS. Samples were
transferred to 10-cm gas cells under controlled pressures (on a vacuum line)

for the Fourier-transform infrared spectroscopy (FTIR) studies.

In a typical experiment, the reaction chamber was charged to 10
torr with the radical precursor HI and brought to a final pressure of 720
torr with Halon 1301 (CF3Br). The chamber was stirred at room temperature
while irradiated by the weakly focused light from a 750-watt xenon arc lamp
for 22 hours. The product charge was transferred to the l-liter holding
vessel by immersing the holding vessel container in liquid nitrogen until
condensation of the product vapér was complete, as indicated by the pressure
in the reaction chamber. A small sample was later injected into a Finnigan
GC/MS with a 30-meter glass capillary column; the mass spectra of the peaks

exiting the column were recorded.

Some reactions were conducted at elevated temperatures. In these
cases, the reaction vessel was wrapped with heating tape and covered with
aluminum foil. The chamber was heated until an internal thermocouple
indicated a temperature of 373 K. At this time the xenon lamp was turned

on, and the sample was irradiated for 22 hours.
3. Results

The list of experiments conducted is given in Table 2. As can be
seen from Table 2, only one experiment was run with the XeCl laser source.
This run was analyzed by GC/MS, and no evidence of decomposition products
could be seen. The decision was, therefore, made to use a source with a
higher flux at shorter wavelengths. The laser was run at 30 Hz for 5 hours.
Although the number of photons per pulse is very high, about 1012, the
pulses have a width of only 4 ns, and the total exposure time of the sample
at 308 nm is only 0.12 us. This, combined with the low cross section for
dissociation at 308 nm, makes the laser experiment impractical unless optics

are constructed so multiphoton dissociation or ionization is possible. In
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TABLE 2. PHOTOLYSIS EXPERIMENTS OF HALONS 1211 AND 1301 WITH
FREE RADICAL PRECURSORS.

Halon Precursor Free radical Source T, K.

1211 CH20 H XeCl laser 298
CH20 H Xe lamp 298
CHZO H " 373
HI H " 298
HI H " 373
02 0 " 298
NO2 0 " 298
NO2 0] " 373

1301 02 0 " 298

the present case, it was more expedient to use the intense Xe arc lamp that
is rich in short wavelength radiation. The total pressure in the reaction
chamber increased faster at 373 K than it did at 298 K. As discussed below,

this may have significant mechanistic implications.

The GC/MS results are ambiguous. Extensive analyses of product
gases from all of the experiments were carried out by GC/MS using a range of
GC column temperatures, carrier gas flow rates, ionization conditions, and
background pressures. Clean separation of the low molecular weight products
from one another and from the dominant peaks due to unreacted starting
materials was not realized. Longer exposure times were deemed unreasonable
because of the evei-increasing possibility of secondary photolysis
reactions. By careful manipulation of the sampling interval of the peaks

emerging from the GC column, it was possible to identify small amounts of
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products of free-radical reactions with halons. Unfortunately, these could
not be quantified because the apparent amounts of products are sharply

dependent on precise reproducibility of the sampling period of the GC peak.
Such reproducibility of the sampling period was impractical. Fundamentally,

the approach is sound; a different sample analysis protocol is needed.

Nevertheless, in all of the cases of photolysis with the xenon arc

lamp, evidence of small amounts of products was seen. In every case, 02F4
was observed. When the precursor (CHZO or HI) yielded H on photolysis,

small amounts of HBr could be seen in the mass spectrum. No oxygenated
products of reactions of O with halon could be clearly identified when the

precursor was 02 or NO2 even though some C2F4 was found. In all cases,

other peaks were found in the mass spectrum of products that were not found
in that of the starting materials, but these were too faint and irregular to
be satisfactorily identified. This, again, is due to the particular GC/MS

used and not to a fundamental limitation of the method.

FTIR spectra were taken of the products of photolysis of Halon

1211 with NO2 and of Halon 1301 with 02. In both cases, only peaks due to

reactants were seen since they dominated the spectrum. The sensitivity of
the FTIR is simply not great enough to allow identification of the products
without prior concentration procedures. Some small features can be seen in
the spectra, but they cannot be extracted from the noise. As discussed
above, longer exposure times defeat the purpose of isolating initial

reaction products.

No differences in reaction products could be discerned for the
higher temperature experiments in spite of the fact that a greater pressure
change was observed here than at lower temperatures. Unfortunately, one
cannot state unambiguously that the reactions were more extensive at

elevated temperatures.
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SECTION IV

RECOMMENDATIONS AND CONCLUSIONS

A. LASER RAMAN SPECTROSCOPY

In order to identify the mechanism by which Halon 1301 inhibited the
H2/02 flame, the flame profiles for both the normal and inhibited flame must
be interpreted. Of importance to the interpretation of the concentration
ﬁrofiles is the relationship between the slope of these profiles and the
reaction rates of the molecules represented by them. This relationship
comes about as a result of the flow of the gas upward through the flame.

For a uniform, nonturbulent flow of the gases, the velocity is dz/dt, where
z = distance, t = time, and the slopes of the concentration profiles in
Figures 7 and 8 are d[conc.]}/dz. The relationships between the slopes of
the concentration profiles and the reaction rates of the molecules

represented by the profiles are
d[conc.]/dz « dz/dt = d[conc.]/dt (8)

Therefore, in each case, d[conc.]/dz is proportional to d[conc.]/dt. This
relationship is important because it demonstrates that the concentration
profiles in Figures 7 and 8 are useful in the interpretation of the rate

processes of the flame.

Examination of the concentration profiles of the inhibited flame shows
the CF3Br molecule is the first to begin decomposing; therefore, the first
effect of the addition of the halon to a normal flame is the scavenging of
thermal energy. This scavenging, however, is expected to have little effect
on the flame, since the amount of CF3Br added to the flame is small,
approximately 2 percent by volume. Next, it is expected that the Br radical
will be the first radical liberated by the decomposition of Halon 1301.

Bromine will detach preferentially from the CF3Br molecule because the C-Br
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bond energy is approximately 55 kcal per mole less than the C-F bond energy
(Reference 23). Consequently, bromine atoms are the first radicals to occur
in the flame. An exhaustive search for the electronic Raman spectrum of the
bromine radical in the flame was not successful, no doubt because of its low
concentration of less than 2 percent by volume and the lower intehsity of
atomic electronic Raman transitions compared to vibrational Raman
transitions (References 24 and 25). The concentration of Br radicals cannot
exceed the concentration of Halon 1301 added to the flame. 1In fact, it is
expected to be considerably less as a result of reactions with other
molecules in the flame. Although the bromine radicals were undetected, their
presence early in the flame is a likely explanation of the Halon 1301
concentration profile.

The C2 concentration profile confirms and matches the CF,Br profile

3
well, which implies the release of fluorine radicals into the flame. 1In
this case, the search for fluorine radicals was not carried out, since the
intensity of the Raman spectrum from fluorine radicals is expected to be
even smaller than that for the undetected bromine radical. It is important,
however, to note that the fluorine radicals also arise early in the flame

and, therefore, may play a part in the inhibition processes.

The molecular hydrogen concentration drops slower in the inhibited
flame than in the normal flame by a factor of about 2.3; therefore, the net
rate of disappearance of H2 must be slowed by a similar amount. The major
reaction involved in the destruction of H, is the elementary process shown

2
in Reaction [9].

O+ H, - OH +H (9]
for which a simple rate law (Equation 9) can be written:
d(H,]/dt = -k, [O][H,] (9

2
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Here [HZ] and (0] are the concentrations of these species, and t is time.

From Equation (9) it is evident that the rate of destruction of H, depends

2
on its own concentration multiplied by that of the oxygen radical.

Clearly the role of atomic oxygen is important in sustaining and
propagating combustion. Since O is not supplied to the flame, as are the
starting reactants H2 and 02, it must be produced in the flame. The
question arises as to which reactions in a normal flame are responsible for
the production of oxygen radicals and how these reactions might be affecced
by the addition of Br and F. Only the Br and F radicals are considered

because the flame profiles for C .suggest that little to no CFx radical is

2

present during H, consumption.

2
For normal combustion, Reaction [1l0] is known to dominate all other
reactions involving the concentration of 0, except Reaction [9] (References

26-28).

H + 02 - OH + O [10]
Also, no reactions of O with Br and F can compete with Reaction [10] for the
oxygen radical (References 26, 29, 30). Changes in the rate of Reaction [9]
must be the cause oIl thaangcs in the O couce~tration in the flame. A rate

equation for Reaction [10] is

d(0]/dt = k_[H][O,] (10)
Reaction [10] and [9] rapidly lead to an effective equilibrium of the three
free radicals O, H, and OH in a flame. As a consequence, any reactions of H
with either Br or F will have their effects propagated to the concentrations

of the O and OH free radicals as well.

Both Br and F react with atomic hydrogen to form compounds with large

dissociation energies. For example, Br traps atomic hydrogen by
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recombination in the well-established HBr catalytic cycle (Reactions [11],
[4], and [12]) that occurs at a rate fast enough to compete with Reaction
[10] for H (References 26, 29, 30).

Br + Br - Br, (11]
H + Br, -+ HBr + Br (4]
H + HBr - H2 + Br [12]
H+H=- H2 (13]

The rate constants for Reactions [10], [4], and [12] are calculated
using data from Reference 28 to be 8.56 x 1010, 6.23 x 1013, and 7.32 x 1012
cm3/mole-sec, respectively. These values are obtained from the table in

Reference 28 using the Arrhenius equation (11).
k = A exp (-Ea/ka) (11)

where k is the rate constant, A is the Arrhenius (pre-exponential) factor,
Ea is the activation energy of the reaction, kb is Boltzmann's constant, and
T is the absolute temperature. The ability of Reactions [4], [12], and [13]
to compete with Reaction [10] is apparent from these rate constants. The
larger rate coefficients for‘Reactions [4] and [12] mean that Br2 and HBr
compete favorably with O2 to interfere with the chain-branching process that

supports combustion.

Since Br has an effect on Reaction [10], the question arises whether F
might have a similar effect on this reaction. If fluorine replaces bromine

in Reactions [1ll1], [4], and [12], the new reactions would be

F +F ~F, [14]
H+F,+HF +F [15]
H+ HF ~ H, + F [16]
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In this case, the net rate of the recombination of the hydrogen atoms to the
hydrogen molecule is slow. The limiting step is Reaction [16] for which the
rate constant is 112 cm3/mole-sec compared to the rate constant of 7.32 x
1012 cm3/mole-sec for Reaction [12]. The dramatic difference in the
reaction rates is due to the greater stability of the HF molecule, which has
a bond strength of 135.9 kcals per mole, compared to the HBr molecule, which
has a bond strength of 87.4 kcals per mole (Reference 26). The result is
that no HF catalytic cycle exists to influence the concentration of the
hydrogen radical. 1In the removal of hydrogen atoms by reaction with F
through Reaction [17], it should be noted that this reaction can only be
responsible for a small amount (about 3 percent) of the loss of the hydrogen

radical.
H+F+M-HF + M [17]

In this interpretation, the HBr catalytic mechanism is the most likcly
pathway for decreases in the hydrogen and oxygen radical concentrations in
the flame. Problematic is the fact that although the presence of HBr in the
flame is assumed by the HBr mechanism, none could be detected in the flame.
One reason for not detecting HBr is its anticipated low concentration of
less than 2 percent by volume. Attempts to increase the concentration of

HBr in the flame by reducing the H_, and O2 flow rates or by increasing the

2
CF3Br concentration caused the flame to move out of the laminar flow region
and become turbulent. HBr was still not detected in the flame, a result
most likely due to the increased noise associated with turbulent flames.

Similar results were found when searching for the bromine molecule.

Despite the fact that neither HBr nor Br2 was detected in the flame,
inferences may be drawn from both the oxygen and hydrogen concentration
profiles. Figures 7 and 8 show that the rate at which oxygen is removed
from the inhibited flame is substantially reduced compared to the rate for
the normal flame. Since Reaction [10) is principally responsible for the
destruction of 02 (by reaction with hydrogen radicals), some other reaction

may cause the removal of the hydrogen radicals from the flame. According to
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Reactions [ll], [4], and [12], these hydrogen radicals recombine to form HZ'
This recombination causes a reduction in the rate of loss of H2 and,
consequently, reduces the rate at which hydrogen is removed from the flame.

This assumption is consistent with the observations in Figures 7 and 8.

The trends for the concentration profiles shown in Figures 7 and 8 are
the early loss of the Halon 1301 and the concomitant rise in the C2
concentration. The mechanism by which these two changes are coupled so
closely in time is not obvious; however, these observations require that
CF,Br decomposition and probably the generation of bromine and fluorine

3

radicals occur early in the flame, in fact before H, or O, decomposition.

2 2
When Halon 1301 is added, the oxygen and hydrogen concentration profiles

show decreases in the rates of decomposition.

Laser Raman spectroscopy of hydrogen/oxygen flames extinguished with
halon provides excellent identification of the principal flame species;
however, it is difficult to detect minor species present in low
concentrations. Thus, although a large amount of useful data may be
generated from these laser Raman spectroscopy studies, it is believed that
other experimental procedures, as described below, will provide more useful

data in the detailed Phase III studies.

Over the past 8 to 10 years, a vast amount of knowledge has been gained
in the understanding of the chemical and physical processes governing
combustion. Most important to this work has been the advent of the computer
modeling of combustion. Although modeling techniques have accurately
described many combustion processes, these techniques still rely on
information gathered through experimentation. Therefore, in order to
continue the development of these computer modeling programs and further rhe
understanding of the fundamentals of combustion, more work, similar to that

presented in this report, needs to be performed (References 26, 29, 30).

The data presented here add needed confirmation of the presently

accepted chemical mechanism for halon inhibition. Most significant is the
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fact that the information is derived from studies of an atmospheric flame,
for which little data had been previously acquired, despite the fact that

combustion normally occurs at atmospheric pressures.

The HBr-catalyzed recombination of hydrogen radicals to form hydrogen
molecules accounts for many of the differences observed in this work between
the normal and inhibited H2/O2 flames. Further studies, using different
methods or higher intensity pulsed lasers and more sensitive detection
devices than those used here are necessary in order to detect more of the

chemical species occurring in halon-inhibited flames.
B. MATRIX ISOLATION SPECTROSCOPY

While much work remains to be done, electric discharge supported flames
and matrix isolation spectroscopy have considerable potential for
exploration of the interactions of fire suppressants with flames. It may be
worthwhile to pursue the interaction of CFx radicals with H atoms and H2'
However, the greater payoff will probably result from exploration of other
fire suppression systems that are not as thoroughly characterized. Despite
the utility of the matrix isolation-FTIR technique, it has been ruled out: as
the major approach in the present study, based on timeliness and cost

effectiveness. Photoionization mass spectrometry is favored.
C. PHOTOIONIZATION MASS SPECTROSCOPY

Two important lessons can be learned from these experiments. First,
Halon 1211 does react with the free radical H, but the cross section of the
overall process is small. Hence, a highly sensitive analytical method such
as mass spectrometry is necessary to identify the initial reaction products
and to locate transient intermediates. Second, no evidence, under our
conditions, was found for reactions between O atoms produced by photolysis
of 0, or NO, and either Halon 1211 or 1301. If this lack of reactivity with

2 2
atomic oxygen is substantiated, it has significant implications for the
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flame extinguishment mechanism. Note that this result was also found in the

matrix isolation experiment.

The gas pressure in the reaction vessel increased more rapidly at 373 K
than at 298 K, although no obvious parallel increase in the amount of
product due to reaction with the halon was observed. The reaction rate,
therefore, could be sharply dependent on the internal energy content of the
halon, or the pressure increase could result from more extensive
decomposition of the chromophore when vibrationally excited. The inability
to make reliable concentration measurements does not permit distinguishing

between these alternatives.

More extended photolysis periods could have been tolerated since the
yield of reaction products was small and since no evidence of secondary
reactions was found. The conditions of this experiment are vastly different
from those which led Creitz (Reference 7), Larsen (Reference 27), and others
to propose that halons work by trapping the flame free radicals H, 0, and
OH. The present conditions were specifically selected to generate very
small amounts of product to reflect accurately the character of the initial
reactions. The results hint that the mechanism may be more complex than
previously supposed. Therefore, much more extensive experimentation under
single collision conditions is necessary. Preliminary results will be

discussed in the Phase III report.

Photoionization mass spectroscopy of the products of reactions has been
shown to be the most cost-effective technique for continued studies of
reactions of free radicals with halons. It offers the requisite analytical

sensitivity and versatility for the critic 1 experiments.
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SECTION V

EXPERIMENTAL PLAN FOR PHASE III

The conclusion of this survey study of several candidate methods for
examining the nature of initial reactions is that the technique of
photoionization mass spectrometry possesses both the capability of arresting
reactions between halons and the flame free radicals and a sensitivity
adequate to detect very small amounts of products. It is reasonable then to
plan that in Phase III of this project at least one system involving a halon

molecule and a free radical precursor be studied in depth.

Specificaliy, the bulb experiments point to unusual behavior of CF,BrCl

2
and the O atom sources O2 and Noz, in that no oxygenated fragments were
found. Past experience shows that 0, forms a complex with C6H6 and C6F6 and
gives oxygenated fragment ions C6H6O and C6F6O+ of both substrates. 1In

c s . . : +
addition, it is known that an oxygenated fragment ion, ArO , can be formed

from the very weakly bourd complex Ar-O If no oxygenated complex ions are

9
formed on dissociative photoionization of CF3Br~02, it would be a

mechanistically significant result.

Halon 1301 was chosen for the Phase III experiments largely because it
has a high vapor pressure at room temperature, the mass spectrum is very
straightforward to interpret, and any dissociative photoionization fragments
containing bromine can be identified readily by the characteristic bromine
isotope signature in the mass spectrum. Any halon containing both bromine
and chlorine will have a much more complicated mass spectrum. This type of
spectrum is undesirable, for the initial experiments in which it is expected
that a careful search for low number density products must be conducted.

The mass spectra of otner halogenated compounds will in general be more
complex than that of Halon 1301; however, the results with Halon 1301 will

provide guidance in the interpretation of these more complex spectra.
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It is expected that there will be no difficulty in extending the
experimental technique to other halons eventually. Other analogous
experiments have been performed by these investigators using materials with
vapor pressures as low as 20 torr. The wide range of vapor pressures
accepted by this technique indicates that it can be used on a wide variety

of halocarbons.
Phase III will include the following:

1. Preparation of CF3Br and O2 mixtures in stainless steel cylinders

in various proportions.

2. A study of the pressure dependence of the mass spectrum of these
mixtures when expanded through a supersonic nozzle and ionized by 584-A

light using the UNM apparatus.

3. Analysis of these results to determine conditions under which
predominantly dimers, CF3Br-02, are generated.
4. Design and construction of an ion kinetic energy analyzer for the

quadrupole mass spectrometer.

5. A complete study of the optimized CF3Br + O2 mixture by

dissociative photoioniztaion using the tunable VUV source, the 750 Mev

synchrotron, at Brookhaven National Laboractory.

6. Analysis of the results and recommendations for future work.
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APPENDIX A

DATABASE OF FIRE SUPPRESSION INFORMATION ON HALOCARBONS
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SECTION I
INTRODUCTION

A. BACKGROUND

Under a United States Air Force contract, the New Mexico Engineering
Research Institute (NMERI), Center for Technologies to Protect Stratospheric
Ozone, of the University of New Mexico, is creating an extensive database as
part of a program to develop halon alternatives (Reference 5). At present,
the majority of the database is physical and chemical property data;
however, toxicity, safety, literature, envirommental, and laboratory data
fields on more than 600 halocarbons are also included. These compounds
include all acyclic chlorofluorocarbons (CFCs), hydrochlorofluorocarbons
(HCFCs), hydro- fluorocarbons (HFCs), bromofluorocarbons (BFCs),
hydrobromofluorocarbons (HBFCs), bromochlofluorocarbons (BCFCs), and
hydrobromochlorofluorocarbons (HBCFCs), which contain one, two, and three
carbon atoms. In addition, all perfluorocarbons (FCs) through
perfluoroheptane and selected cycloalkanes are included. Also, information

on a limited number of iodinated compounds has been collected.

Other databases being developed contain compilations of data for
oxygen-substituted halocarbons and for non-halocarbon materials. The latter
database is for materials other than halocarbons that have been shown to
have flame suppressant capabilities. Neither of these other chemical

compound databases i: discussed further in this report.

This report discusses the improvement and expansion of the NMERI
HALOCARBON DATABASE to include literature citation storage and retrieval
capability. An expanded literature search related to fire suppression
characteristic of halogenated aliphatic hydrocarbon was conducted. The
resulting reference citations are included in a multirelational database,
and copies of the papers, articles, and books in the database are stored at

the site where halon alternative research is being performed.
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The following is a summary of the fire suppression literature portion
of the NMERI HALOCARBON DATABASE Version 2.0, including data fields, usage,
and input and output screens. Version 2.0, an expansion of Version 1.0,
contains additional physical property data; the physical/chemical
properties, literature, laboratory, and toxicity information available for
the compounds of interest has been integrated into a single multiuser,

relational database.

The NMERI HALOCARBON DATABASE (Ver. 2.0) fire suppression literature
collection contains reference citation information. The entire reference
collection includes available research data, flammability,
suppression/combustion characteristics, effects on the environment,
firefighter safety, and toxicity related to the halocarbons of interest in

the current AFESC/NMERI halon research effort.

Although the database has been developed, data input and format design
continue. The work accomplished under the present project incorporated the
literature database into the NMERI HALOCARBON DATABASE structure (Figure
A-1) and provided a technology review of the fire suppression and combustion

literature.

B. APPROACH

The NMERI HALOCARBON DATABASE (Ver. 2.0) consists of five major
features: (1) a multirecord relational database: (2) continuous data
acquisition and input with references; (3) estimation procedures for
physical and chemical properties, ozone depletion potentials (ODPs), and
global warming potentials (GWPs) for compounds with no reported values in
the literature; (4) assurance of easy access and searching capability to
database information; and (5) custom designed and standard report format

capabilities.
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The fully integrated database concept (Ver. 2.0) is illustrated in
Figure A-1. The database provides an extremely powerful tool for the

evaluation of halogenated hydrocarbons as alternative firefighting agents.

Phy/Chem User Environmental
Data & Interface Data
Nomenclature (queries)
Lcigter 3“‘(‘" e Main Frame Toxailcity
' ;‘,,3 S —_— Cgl',‘gm' == Safety Data
Abstracts 9

s~ X
| ] NMERI Lab

User Output
Editor Data
Forms Interface

Figure A-1. NMERI HALOCARBON DATABASE Structure Version 2.0.
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SECTION II
DATABASE

A. NMERI HALOCARBON DATABASE CONFIGURATION

The NMERI HALOCARBON DATABASE covers available chemical, physical, and
environmental properties including safety and toxicological (inhalation and
contact) information (Reference 5). Performance data derived from
preliminary screening procedures and criteria are also included; these
include fire suppression efficiency, ozone depletion potentials (ODPs),
global warming potentials (GWPs), and fire suppression concentration test
data. Algorithms to estimate physical and chemical properties for compounds
with no reported values in the literature are also being developed for the
database. All data compiled into the NMERI HALOCARBON DATABASE are
referenced. The reference citation literature portion of the database was
developed under the project, Initial Fire Suppression Reactions of Halons
Phase II: Verification of Experimental Approach and Initial Studies

(Reference 2).

The NMERI HALOCARBON DATABASE is being developed on a Harris HCX-9 main
frame computer system (Reference 31), with a UNIX System V operating system,
using a commercial relational database software package called Unify
(Ver. 2.0) (Reference 32). The PC/desktop version of Unify is compatible
with the main frame version; after the database structure has been created
and information entered, updated floppy disk copies of the NMERI HALOCARBON
DATABASE will be available for distribution to other interested researchers
on a periodic basis. Convenient access to the replacement candidate
information is guaranteed. The main frame allows faster, more powerful
computing capabilities and permits all researchers immediate access to the

most current information through telephone modem.
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B. LITERATURE DATABASE

No general database of fire extinguishing agent literature existed
before this effort. Such a database is essential for an effective and
efficient program for developing new clean fire suppressants. All compound
properties and other information included in the NMERI HALOCARBON DATABASE
are referenced. The citation information and keywords for literature
references are provided. Online searches of literature databases were
conducted for all aspects of fire suppression/combustion related to the

compounds of interest.

Each field within the NMERI HALOCARBON DATABASE contains a reference
number corresponding to a library document to give the sources for the
information contained in the database. Users can search the literature
database under reference number, author, title, subject, or keywords.
Literature related to global warming, ozone depletion, climate change, fire
suppression, photolysis, toxicity, safety, and availability have also been

included.

C. DATABASE USE

The NMERI HALOCARBON DATABASE resides on a Harris HCX-9 mainframe,
which is accessed via a telephone modem. Macros have been created to
simplify database searching. When a user logs on the mainframe, the
database program is called up and a login prompt is obtained (Figure A-2).
The user enters an assigned login name and password to obtain access to the

database information.

Database information is accessed with menus, as illustrated in Figures
A-2 through A-4. 1In order to obtain literature information related to fire
suppression/combustion or other categories, the user selects number 2 and

number 11 in Figures A-3 and A-4, respectively.
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NMERI NMERI HALOCARBON DATABASE 24 OCT 1989 -

10:46
SYSTEM STARTUP
LOGIN:
PASSWORD:
Figure A-2. NMERI HALOCARBON DATABASE Login Prompt.

(usermenu) NMERI NMERI HALOCARBON DATABASE 24 0OCT 1989 -
11:03

WELCOME TO NMERI HALOCARBON DATABASE

1. HALOCARBON REPORT MENU

2. HALOCARBON FILE MAINTENANCE
SELECTION:

ESC-select "U-up RET-down “X-home "P-previous “Z-clear "D-exit ?-help /-more

Figure A-3. Report or Maintenance Selection Menu.
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(halmnt) NMERI NMERI HALOCARBON DATABASE 24 OCT 1989 -
11:07
HALOCARBON FILE MAINTENANCE

. General Information 10. Rabbit Toxicity Information
Physical/Chemical Information 11. Library Maintenance
Environmental Information 12. Labdata Non-Halon

. Laboratory Information 13. Safety Maintenance
Laboratory Testing Information

. Toxicity Information

. Human Toxicity Information

. Rat Toxicity Information

O 0 N O B BN

. Mouse Toxicity Information
SELECTION:

ESC-select "U-up RET-down “X-home "“P-previous “Z-clear "D-exit ?-help /-more

Figure A-4. Maintenance Selection Menu.

The fields shown in Figure A-5 are contained in the Library Maintenance
portion of the NMERI HALOCARBON DATABASE. These fields contain information

on references to fire suppression/combustion and several other subjects.
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(libry) NMERI NMERI HALOCARBON DATABASE 24 OCT 1989 -
11:12

Library Maintenance

Refno O RN ]
Location @ [......iiierinnnnnn ]
Pending A Date Input: [............ i
Authors SO ]
e et e e e e e e e ]
e ettt e e e e e e e ]
Title S ]
PO ]
e et e e e e ]
Journal S ]
Vol No DA 1 Issue LA (P ]
Country PO (O ] Publisher : [...................... ]
Year S ] Pageno - ]
Keywords @ [ ... . et e e e ]
[ e e e ]
Subjcode : [........... ... . . ... ] Refsource : [..................... ]

(I)NQUIRE, (A)DD, (M)ODIFY, (D)ELETE [.]

Figure A-5. Typical Literature Information Fields Contained in
the NMERI HALOCARBON DATABASE.
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Once at the literature maintenance screen shown in Figure A-6, the user
has the option to inquire, add, modify, or delete information. Generally,
users select the inquire mode by typing "“i" or "I" when prompted. The user
can then go to any field and type in matching criteria for the field of
interest or use the character "*" as a wild card. For example, Figure A-6
shows an inquiry of all publications authored by Booth contained in the
NMERI HALOCARBON DATABASE. Note the change in the user instruction at the
bottom of the screen (Figure A-6). The result of the author inquiry is
shown on Figure A-7. The inquiry shows that three articles authored by

Booth are contained in the database. Information for the first one is

shown.
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(libry)
11:12

Refno
Location
Pending
Authors

Title

Journal

Vol No

Country

Year

Keywords

Subjcode

Begin search (CTRL E), Clear field (CTRL Z), Exit (CTRL X)

NMERI NMERI HALOCARBON DATABASE

Library Maintenance

24 OCT 1989 -

[...... ]

[ ]

[.] Date Input: [............ ]
[*BOOTH . ... e e e ]
PP ]
e e e e e ]
et e e e e e e ]
PP ]
L e e ]
e e e ]
e e e, Issue e ]
(S Publisher [ ]
S Pageno DS ]
e e e e e e e 1
e e e e e e e e i
P Refsource [ e e ]

<-Note change

Figure A-6.

Example Inquiry of the Author Field of the NMERI HALOCARBON

DATABASE.
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{(libry)
11:35
(I)NQUIRE

Refno
Location
Pending

Authors

Title

Journal
Vol No
Country
Year

Keywords

Subjcode

NMERI NMERI HALOCARBON DATABASE 24 OCT 1989 -

Library Maintenance

200

COMBUSTION
© F Date Input: % /%% /%%
. HIRST, R.;BOOTH, K.

: MEASUREMENT OF FLAME-EXTINGUISHING CONCENTRATION

: FIRE TECHNOLOGY

13 Issue

Publisher :
1977 Pageno : 296
S Refsource :

(N)EXT, (P)REVIOUS, (S)TOP

searched:

2054 selected: 3 current: 1

Figure A-7. Result of the Inquiry Shown in Figure A-6.
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A complete users’ manual and the IBM PC compatible version of the NMERI
HALOCARBON DATABASE will soon be available. References 5, 33, and 34

describe additional features and user instructions for the database.
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